In several eukaryotic organisms, heterochromatin (HC) in the introns of genes can regulate RNA processing, including polyadenylation, but the mechanism underlying this regulation is poorly understood. By promoting distal polyadenylation, the bromo-adjacent homology (BAH) domain-containing and RNA recognition motif-containing protein ASI1 and the H3K9me2-binding protein EDM2 are required for the expression of functional full-length transcripts of intronic HCcontaining genes in Arabidopsis. Here we report that ASI1 and EDM2 form a protein complex in vivo via a bridge protein, ASI1-Immunoprecipitated Protein 1 (AIPP1), which is another RNA recognition motif-containing protein. The complex also may contain the Pol II CTD phosphatase CPL2, the plant homeodomain-containing protein AIPP2, and another BAH domain protein, AIPP3. As is the case with dysfunction of ASI1 and EDM2, dysfunction of AIPP1 impedes the use of distal polyadenylation sites at tested intronic HC-containing genes, such as the histone demethylase gene IBM1, resulting in a lack of functional full-length transcripts. A mutation in AIPP1 causes silencing of the 35S-SUC2 transgene and genome-wide CHG hypermethylation at gene body regions, consistent with the lack of full-length functional IBM1 transcripts in the mutant. Interestingly, compared with asi1, edm2, and aipp1 mutations, mutations in CPL2, AIPP2, and AIPP3 cause the opposite effects on the expression of intronic HCcontaining genes and other genes, suggesting that CPL2, AIPP2, and AIPP3 may form a distinct subcomplex. These results advance our understanding of the interplay between heterochromatic epigenetic modifications and RNA processing in higher eukaryotes.
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RNA processing | heterochromatin | DNA methylation | polyadenylation | transposable element A substantial portion of eukaryotic genomes consists of transposable elements (TEs) and other repetitive elements (TREs). Because of their potential deleterious effects on genome integrity, TREs are generally repressed by epigenetic silencing mechanisms (1, 2) . Therefore, epigenetic silencing marks, such as DNA methylation and repressive histone modifications like H3K9me2 are enriched, and heterochromatin (HC) is formed in these regions. Heterochromatic TREs (HC-TREs) can affect the expression of their associated genes in various ways. In both plant and animal genomes, HC exists not only in promoter regions, but also within transcribed regions, especially within introns, and most intronic HC is a result of TRE insertion (3) (4) (5) (6) . In the human genome, 60% of TEs are located within introns that compose only 24% of the genome. Approximately 10% of the genes in the maize genome have intronic TEs >1 kb in length, and ∼0.7% of the annotated genes contain intronic TEs in the genome of the model plant Arabidopsis (6) . Thus, intronic TEs are widespread in human and plant genomes. Although the repressive effect of promoter HC-TREs on the expression of downstream genes has been well documented (7, 8) , the effect of intronic HC-TREs on the expression of their associated genes remains largely unknown (9) .
The polyadenylation of mRNAs, which involves 3′-end cleavage of pre-mRNAs and addition of poly (A) tails, is an important step in gene expression in eukaryotes that is achieved through a finely tuned biochemical process. This process involves numerous protein factors, including the CPSF (cleavage and polyadenylation specificity factor) and CstF (cleavage stimulation factor) complexes, as well as a number of cis elements, such as poly(A) signal elements (10) . Previous studies have shown that >50% of human genes, >70% of Arabidopsis genes, and 50-82% of rice genes have multiple polyadenylation sites that generate various mRNA isoforms with different 3′ ends (10) (11) (12) . This regulatory mechanism of gene expression is termed alternative polyadenylation.
The RNA Pol II carboxyl-terminal domain (CTD) is critical for coupling transcription with RNA processing (13) . Studies in yeasts and animals have found that the Ssu72 RNA polymerase II Ser-5 CTD phosphatase regulates alternative polyadenylation (14, 15) . Ssu72 binds CTD heptapeptides and forms a complex with Symplekin, a subunit of the CPSF complex (16) .
Little is known about the interplay between RNA processing and heterochromatic histone modifications. Recent reports have indicated that histone modifications and nucleosome occupancy might influence polyadenylation site selection (17, 18) . In humans, strong nucleosome depletion around polyadenylation sites and nucleosome enrichment downstream of polyadenylation sites have been observed (17) . Moreover, the heterochromatic Significance How heterochromatin affects RNA processing is unclear. The chromatin regulators ASI1 and EDM2 function in regulating alternative polyadenylation at genes with intronic heterochromatin. We found that ASI1 and EDM2 are associated in planta through interactions with a putative RNA-binding protein, AIPP1. Protein interaction assays suggest that the RNA Pol II C-terminal domain phosphatase CPL2 and two other proteins (AIPP2 and AIPP3) are associated with the ASI1-AIPP1-EDM2 complex. Like ASI1 and EDM2, AIPP1 also functions in promoting the expression of heterochromatin-containing genes. However, the function of CPL2, AIPP2, and AIPP3 is antagonistic to that of ASI1, EDM2, and AIPP1. Our discovery of the ASI1-AIPP1-EDM2 complex and associated proteins is important for understanding how heterochromatin regulates RNA processing.
H3K9me2 and H3K27me1 modifications have been shown to be enriched in low-use polyadenylation sites, whereas the H3K27me2/3 marks are enriched in high-use polyadenylation sites (18) . The mechanism underlying this polyadenylation site selection remains unclear, however.
Our previous study indicated that the Arabidopsis chromatin regulator and RNA-binding protein ASI1 (anti-silencing 1)/ IBM2/SG1 functions in controlling polyadenylation site selection for genes with intronic HC-TREs (19) (20) (21) . ASI1 is a BAH domain-and RNA recognition motif (RRM)-containing protein that represses the use of intronic proximal polyadenylation site near intronic TREs, thereby promoting the generation of fulllength transcripts (19) (20) (21) . Another chromatin regulator, EDM2 (enhanced downy mildew 2), functions in a similar manner as ASI1 in regulating alternative polyadenylation for intronic HC-TRE-containing genes (22, 23) . EDM2 has three PHD (plant homeo domain) domains that bind H3K9me2 marks, but not H3K27me3 marks (22, 23) . ASI1 and EDM2, as well as the heterochromatic markers H3K9me2 and H3K27me1, but not H3K27me3, are enriched in the intronic heterochromatic regions of the affected genes (19, 20, 22, 23) . Although we identified ASI1 and EDM2 from the same genetic screen, whether these two proteins may function in the same protein complex in alternative polyadenylation regulation for genes with intronic HC is not known. In oil palm, the DNA methylation status of an intronic LINE-related transposon Karma also affects the RNA processing of the homeotic gene DEFICIENS (24), although whether homologs of ASI1 and EDM2 may be involved in this regulation is unclear. Loss of DNA methylation in somaclonal variants at the Karma transposon causes reduced accumulation of functional full-length DEFICIENS transcripts and increased accumulation of short transcripts, resulting in the unproductive mantled fruits (24) .
In this study, we found that ASI1 is associated with EDM2 in vivo even though they do not directly interact with each other. The association between ASI1 and EDM2 is bridged by another RRM protein, ASI1 immunoprecipitated protein 1 (AIPP1). AIPP1 dysfunction causes increased use of proximal polyadenylation sites in tested ASI1 and EDM2 target genes. Like asi1 and edm2 mutations, AIPP1 mutations lead to defects in the expression of the intronic HC-TRE-containing gene IBM1, which encodes an H3K9me2 demethylase. These defects result in transgene silencing and genome-wide CHG hypermethylation at gene body regions. Our protein interaction results suggest that the ASI1-AIPP1-EDM2 complex is associated with three other proteins-AIPP2, AIPP3 and AIPP4/CPL2-and that these three associated proteins function antagonistically with ASI1, AIPP1, and EDM2 in regulating intronic HC-TRE-containing genes. Given that CPL2 is a plant RNA Pol II Ser-5 CTD phosphatase homologous to the yeast Ssu72 (25) , and that Pol II Ser-5 CTD phosphatase is known to associate with CPSF (16) and regulate alternative polyadenylation in yeasts and animals (14, 15) , our results suggest that the ASI1-AIPP1-EDM2 complex may regulate alternative polyadenylation by modulating the function of CPL2. Moreover, we have identified a nonintronic HC-TRE gene that is also regulated by the ASI1-AIPP1-EDM2 complex, suggesting that the complex may function beyond the regulation of alternative polyadenylation. Our findings uncover a protein complex critical for the regulation of genes with HC.
Results

AIPP1 Interacts with ASI1 and EDM2 to Form a Protein Complex in
Vivo. Previous findings have shown that both ASI1 and EDM2 are required to facilitate the distal polyadenylation of IBM1 and other genes with intronic HC-TREs (19, 20, 22, 23) and to prevent transcriptional silencing at the 35S-SUC2 reporter gene (19, 22) . The shared functions of ASI1 and EDM2 prompted us to explore whether the two proteins may physically interact and thus function together in plants. In a yeast two-hybrid (Y2H) assay, direct interaction of ASI1 with EDM2 was not observed (Fig. 1A) , consistent with the results of a split luciferase assay (Fig. S1A) . However, immunoprecipitation coupled with mass spectrometry (IP-MS) revealed that EDM2 could be copurified with 3×Flag-tagged ASI1 in a previously created asi1 mutant complementation line ( Fig. 1B and Fig. S2 ) (19) . Based on these data, we suspected that one or more unknown components may mediate the physical interaction between ASI1 and EDM2 in vivo.
Further examination of the IP-MS data revealed other proteins copurified with 3×Flag-ASI1 besides EDM2, including AIPP1, AIPP2, AIPP3, and AIPP4/CPL2 (Fig. 1B and Fig. S2 ). Like ASI1 (19) , AIPP1 contains an RRM domain (Fig. S3A) , although the RRM domains of ASI1 and AIPP1 share only a very limited sequence homology (Fig. S3B ). To test whether the two RRM proteins may interact, we performed Y2H assays and split luciferase assays in tobacco leaves. Both assays showed that ASI1 directly interacts with AIPP1, and that AIPP1 also directly interacts with EDM2 ( Fig. 1A and Fig. S1A ). These results suggest that AIPP1 may bridge the interaction between ASI1 and EDM2.
To test this hypothesis, we conducted a yeast three-hybrid (Y3H) assay. EDM2 and AIPP1 were coexpressed in the same prey vector under the control of ADH1 and MET promoters, respectively ( Fig. 2A ). This coexpression allowed yeast cells to grow in a high-stringency selection medium when the bait BD-ASI1 was present (Fig. 2B) . However, the yeast cells failed to grow when AIPP1 was replaced with an irrelevant protein, GFP, or when AIPP1 was simply removed (Fig. 2 A and B) . Similarly, the coexpression of ASI1 and AIPP1, but not of ASI1 and GFP, in the bait vector also enabled the survival of yeast cells in the selection medium in the presence of prey AD-EDM2 (Fig. 2B) . These results strongly support our hypothesis that AIPP1 can function as a bridge protein between ASI1 and EDM2 in vivo.
To test whether these three proteins may exist in the same protein complex in planta, we performed gel filtration assays with epitope-tagged ASI1, EDM2 (19, 22) , and AIPP1 transgenic lines. For 4×Myc-tagged AIPP1 transgenic plants, AIPP1 genomic DNA, including a 2-kb promoter sequence, was transformed into Col-0 plants. The gel filtration results showed that ASI1, EDM2, and AIPP1 can be eluted in the same fractions, indicating that they exist in a complex with an estimated size of 440-670 kDa (Fig. 2C) . Taken together, our results show that ASI1 and EDM2 form a protein complex in vivo via a bridge provided by AIPP1.
AIPP1 Is Required for the Accumulation of Full-Length Transcripts of
Intronic HC-Containing Genes. ASI1 and EDM2 function in controlling the polyadenylation site selection of intronic HCcontaining genes by facilitating distal polyadenylation (19, 22) . Therefore, we next determined whether AIPP1 also controls the proper expression of intronic HC-containing genes targeted by ASI1 and EDM2. Because we failed to identify a T-DNA insertion mutant of the AIPP1 gene, we used CRISPR/Cas9-mediated genome editing to generate AIPP1 mutants. We designed two Cas9 target sites in the second exon of the AIPP1 gene (Fig. S4A) . By DNA sequencing, we identified two homozygous mutants from the CRISPR/Cas9-transformed plants. The first mutant has a single C insertion between the nucleotides 179 and 180 downstream of the ATG translation initiation, and the second mutant has a 17-nt deletion from nucleotides 269 to 285 downstream of the start codon (Fig. S4A) . Both mutations would lead to a frame shift in the AIPP1 amino acid sequence. Hereinafter, we refer to these two mutants as aipp1-1 and aipp1-2, respectively (Fig. S4A) .
We used reverse-transcription quantitative PCR (RT-qPCR) to quantify the accumulation of full-length and short transcripts at three loci targeted by ASI1 and EDM2, including the histone H3K9me2 demethylase gene IBM1. We used 5′-terminal-specific and 3′-terminal-specific primer pairs to quantify total and fulllength transcripts in aipp1-1 and aipp1-2 mutants. asi1-2/ibm2-3 (26) and edm2-4 (22) mutants, which are in the Col-0 background, served as parallel controls. The IBM1 gene produces two transcript forms, a large, full-length form (IBM1-L) and a short form (IBM1-S) (19) . Our RT-qPCR results show that the IBM1-L transcript was substantially reduced in aipp1-1 and aipp1-2 mutant plants compared with Col-0 wild-type (WT) plants, similar to the reduction observed in asi1-2 and edm2-4 mutants (Fig. 3A) . The amount of total IBM1 transcripts (IBM1-5′), including IBM1-L and IBM1-S together, was reduced to a lesser extent than the amount of IBM1-L transcript (Fig. 3A) . Reduced expression of full-length transcripts was also observed in aipp1 as well as asi1 and edm2 mutants for two other genes with intronic HC, AT3G05410 (Fig. 3B) and AT1G58602 (RPP7) (Fig. 3C) . These results show that AIPP1 functions with ASI1 and EDM2 in regulating the expression of intronic HC-containing genes.
We further investigated the effect of aipp1, asi1, and edm2 mutations on the intronic HC-containing genes by examining the distribution of mRNA-seq reads. Fig. 3D shows the mRNA-seq reads mapped to the IBM1 locus, which contains a large intronic and methylated repetitive sequence. In the WT, abundant reads were mapped to sequences 3′ to the intronic HC; however, the 3′ reads were greatly decreased in all three mutants (Fig. 3D) . Reductions in 3′ reads also were observed at two other genes, AT3G05410 (Fig. 3E) and RPP7 (Fig. 3F) . We quantified the use of individual exons using the DEXSeq method (27) . The DEXSeq results showed greatly decreased expression levels of exons 3′ to the HC-TREs in all three mutants, with expression levels of exons 5′ to the HC-TREs reduced to a lesser extent (Fig. S5 A and B) or even increased (Fig. S5C) in the three mutants. Previous work has shown that asi1 and edm2 mutations cause decreased 3′ mRNA-seq reads of intronic HC-TRE genes by reducing the use of distal polyadenylation sites (19, 20, 22, 23) . The altered patterns of mapped mRNA-seq reads in aipp1 mutants are similar to those seen in asi1 and edm2 mutants, suggesting that, like ASI1 and EDM2, AIPP1 also affects the selection of polyadenylation sites. From the mRNA-seq data, we identified intronic TE-containing genes with reduced levels of RNA-seq reads downstream of the intronic TE relative to reads upstream of the intronic TE in aipp1-1 as well as asi1-2 and edm2-4 mutants, as described previously (19) . We found 39, 44, and 47 intronic TE-containing genes with reduced 3′ reads in the aipp1-1, asi1-2, and edm2-4 mutants, respectively (Dataset S1). Substantial portions of these genes are shared by the three mutants, as shown in Fig. S6 .
We generated asi1-2edm2-4, asi1-2aiipp1-1, and edm2-4aipp1-1 double mutants and compared the accumulation of full-length transcripts between the double mutants and single mutants. Our RT-qPCR results indicate a similar reduction of full-length transcripts in the double mutants and their corresponding single mutants (Fig. S7) . These results support the idea that AIPP1, ASI1, and EDM2 function in the same genetic pathway, consistent with the three proteins functioning together in a complex. Our results suggest that the ASI1-AIPP1-EDM2 complex is required for promoting the accumulation of full-length transcripts of intronic HC-containing genes.
AIPP1 Is an Antisilencing Factor That Affects Gene Body CHG
Methylation. Because ASI1 and EDM2 were identified as antisilencing factors (19, 22) , we determined whether AIPP1 may have a role in preventing transgene silencing as well. To explore the effect of AIPP1 dysfunction on transgene silencing, we introduced the aipp1-1 mutation into the 35S-SUC2 transgene background by crossing aipp1-1 mutant and 35S-SUC2 plants. Homozygous aipp1-1 mutant plants containing the 35S-SUC2 transgene, as well as asi1-1 (19) and edm2-6 (22) plants (already in the 35S-SUC2 background), were grown on sucrose-and glucose-containing halfstrength Murashige and Skoog medium. All plants grew normally and had long roots on the glucose-containing medium (Fig. S8A) . Like the asi1-1 and edm2-6 plants, the 35S-SUC2/aipp1-1 plants grew normally and had long roots in the sucrose-containing medium, compared with the inhibited growth and short roots of the WT parental 35S-SUC2 plants (Fig. S8A) , suggesting AIPP1 dysfunction as the cause of 35S-SUC2 transgene silencing. Consistent with the root growth phenotype, our RT-qPCR results show that SUC2, NPTII, and HPTII transgenes were silenced in aipp1-1 mutant plants compared with WT 35S-SUC2 plants (Fig. S8B) . These results indicate that AIPP1 is an antisilencing factor.
IBM1 suppresses gene body CHG methylation by demethylating histone H3K9me2 (28) (29) (30) . Because AIPP1 is required for the appropriate expression of functional IBM1-L transcripts (Fig.  3 A and D) , we next asked whether AIPP1 dysfunction may affect gene body CHG methylation. To explore this question, we subjected two aipp1 mutant alleles to whole-genome bisulfite sequencing (WGBS) with two biological replicates for each allele. Col-0 served as the WT control. Our WGBS analysis identified thousands of differentially methylated regions with increased methylation (hyper-DMRs) from the four methylomes of the aipp1 mutants. We used boxplot analysis to compare the hyperDMRs of aipp1 with those of ibm1-4, which were identified from published DNA methylome data (19) . The results show that at ibm1-4 hyper-DMRs, DNA methylation was greater in aipp1 mutants compared with Col-0 WT. Similarly, at aipp1 hyperDMRs, DNA methylation levels were higher in the ibm1 mutant than in the Col-0 WT (Fig. 4A) . These results suggest that AIPP1 and IBM1 suppress cytosine methylation of similar genomic regions. We next compared the genomic features of hyper-DMRs between aipp1 and ibm1-4 mutants, and found that ≈80% of aipp1 hyper-DMRs were mapped to gene regions, similar to the percentage in the ibm1-4 mutant (Fig. 4B) .
To further characterize the DNA methylation pattern in the aipp1 mutants, we examined the distribution of DNA methylation along the gene bodies, TEs, and their 2-kb upstream and downstream flanking sequences. The results indicate that CHG methylation, but not CG or CHH methylation, in the aipp1 mutants was significantly increased in gene body regions compared with the WT (Fig. 4C and Fig. S9 ), with greater increases in CHG methylation observed in longer genes (Fig. S9A) . No change was evident in TEs or their flanking regions, however ( Fig. 4C and Fig. S9B ). This change in DNA methylation pattern of the aipp1 mutants is very similar to that seen in the ibm1-4 mutant. Considering the down-regulation of functional IBM1-L transcript in aipp1 mutant plants, these results suggest that AIPP1 suppresses gene body CHG methylation by facilitating expression of the functional IBM1-L transcript.
Potential Roles of AIPP2, AIPP3, and AIPP4/CPL2. To better understand the functions of the ASI1-AIPP1-EDM2 complex, we investigated three other proteins that copurify with ASI1: AIPP2, AIPP3, and APIPP4/CPL2 (Fig. 1B and Fig. S2 ). AIPP2 is encoded by AT3G02890 and bears a PHD domain, whereas AIPP3 is encoded by AT4G11560 and bears a BAH domain and a TFIIS domain known to be involved in transcriptional regulation. AIPP4/CPL2 is an RNA Pol II CTD phosphatase that dephosphorylates the Ser-5 of RNA Pol II CTD (25) . Using Y2H and split luciferase assays, we found that AIPP2 can interact directly with ASI1, AIPP3, and CPL2 (Fig. 5A and Fig. S1B ). These results suggest that ASI1, EDM2, AIPP1, AIPP2, AIPP3, and CPL2 may form a large complex in plant cells.
To probe the genetic function of AIPP2, AIPP3, and CPL2, we identified the T-DNA insertion lines salk_057771 and GK_058D11 for AIPP2 and AIPP3 genes, referred to as aipp2-1 and aipp3-1, respectively (Fig. S4B) . For the CPL2 gene, a previously described mutant allele, cpl2-2 (31), was used. RT-qPCR was performed to examine the expression of full-length transcripts at three intronic HC-TRE genes: IBM1, AT3G05410, and RPP7. Surprisingly, in contrast to the reduction in asi1-2, edm2-4, aipp1-1, and aipp1-2 mutants, full-length transcripts for all three genes were increased in aipp2-1, aipp3-1, and cpl2-2 mutants compared with the WT Col-0 (Fig. 5B) .
The ASI1-AIPP1-EDM2 Complex Is Required for Expression of a Nonintronic HC-TRE Gene. Our examination of mRNA-seq reads at HC-containing genes revealed that the transcript level of AT4G16870, a TE gene of Copia-like retrotransposon origin, was dramatically affected by asi1, edm2, and aipp1 mutations (Fig. 6) . The AT4G16870 transcript was abolished in asi1-2, edm2-4, aipp1-1, and aipp1-2 mutants, but was significantly increased in aipp2, aipp3, and cpl2 mutants (Fig. 6) . The AT4G16870 locus was highly methylated in Col-0 WT, as well as in aipp1 and ibm1 mutants (Fig. 6) . Given that the HC at AT4G16870 does not reside in an intron, our results suggest that the ASI1-AIPP1-EDM2 complex has functions beyond the regulation of intronic HC-TRE genes.
Discussion TRE insertions within transcribed regions, especially introns, are commonly observed in eukaryotic cells (3) (4) (5) (6) . The intronic HCTREs do not appear to disturb gene transcription, given that chromatin immunoprecipitation assays have shown no effect on RNA Pol II occupancy (19, 22) ; however, intronic HC-TREs can cause alternative polyadenylation of the transcripts (19, 20, 22, 23) . In previous studies, we identified two chromatin regulators, ASI1 and EMD2, that are required to promote distal polyadenylation so that full-length transcripts can accumulate (19, 22) . It has been hypothesized that ASI1 and EDM2 may function together and interact through an unknown factor (32) . In this study, we found that EDM2 can be copurified with ASI1, although the two proteins do not interact directly (Fig. 1A) . AIPP1 interacts with both ASI1 and EDM2 and thus is the hypothesized unknown factor that serves as a bridge protein to mediate the in vivo association of ASI1 and EDM2 (Fig. 2) . Consistent with AIPP1 being in the same protein complex with ASI1 and EDM2, AIPP1 also functions to promote the accumulation of full-length transcripts of intronic HC-TRE-containing genes. In addition, we found that AIPP1, as well as ASI1 and EDM2, are required for expression of the heterochromatinized TE gene AT4G16870.
RRM is an RNA-binding domain common in many proteins involved in RNA processing (33, 34) . Both ASI1 (19) and AIPP1 contain an RRM domain, consistent with their function in regulating RNA processing. Because their RRM domains are quite divergent in sequence (Fig. S3) , the two proteins may recognize different features of the pre-mRNAs during regulation of alternative polyadenylation of intronic HC-TRE-containing genes. Along with the RRM domain, ASI1 also contains a BAH domain that may interact with the chromatin (19) (20) (21) . EDM2 contains three copies of the PHD and has been shown to bind to chromatin marks, including the heterochromatic mark H3K9me2 (22, 23) . The ASI1-AIPP1-EDM2 complex is capable of interacting with both the chromatin and RNA, and thus is well suited for its function in connecting the epigenetic regulation of HCTREs and RNA processing. EDM2 also has a putative N6-adenine methyltransferase domain (22) . Methylated adenine is involved in 3′-end formation of mRNAs (35) . It would be interesting to determine whether EDM2 may indeed methylate RNA, and how this RNA methylation may alter the use of proximal vs. distal polyadenylation sites.
Mutations in AIPP1, ASI1, and EDM2 have a significant impact on the DNA methylome. This can be explained by their role in regulating IBM1 expression. As a histone H3K9me2 demethylase, IBM1 is required for preventing gene body CHG methylation, because the H3K9me2 mark accumulates in the gene body regions of thousands of genes and the H3K9me2 mark attracts CMT3 to cause CHG methylation (27, 28, 36) . IBM1 is an intronic HC-TRE-containing gene, and the accumulation of functional, fulllength IBM1 transcript requires the ASI1-AIPP1-EDM2 complex ( Fig. 3 A and D) (19, 22) . IBM1 is also an antisilencing factor important for the prevention of promoter DNA hypermethylation and transcriptional silencing of the 35S-SUC2 transgene (19, 22) . Because of their role in ensuring the accumulation of functional full-length IBM1 transcript, AIPP1 (Fig. 3 A and D) , as well as ASI1 and EDM2 (19, 22) , are antisilencing factors necessary for expression of the 35S-SUC2 transgene.
The estimated size of the ASI1-AIPP1-EDM2 protein complex is between 440 and 670 kDa. It is likely that this large complex contains other components as well. Our results suggest that CPL2, AIPP2, and AIPP3 are associated with this complex. Consistent with this notion, dysfunction in CPL2, AIPP2, and AIPP3 also affects the accumulation of full-length transcripts of intronic HC-TRE genes and modulates the expression of the TE gene AT4G16870; however, the role of these proteins appears to be opposite to that of ASI1, EDM2, and AIPP1. It is possible that AIPP2, AIPP3, and CPL2 may be in a subcomplex that differs from the ASI1-AIPP1-EDM2 subcomplex. In the putative AIPP3-AIPP2-CPL2 subcomplex, AIPP2 with a PHD domain and AIPP3 with a BAH domain may bind the HC, whereas CPL2, like the yeast and animal RNA Pol II Ser-5 CTD phosphatase SSU72, may be more directly involved in regulating alternative polyadenylation (14) (15) (16) . Further work is needed to determine whether there are indeed two such subcomplexes and, if so, how they may function antagonistically in the regulation of intronic and nonintronic HC-TRE genes.
Materials and Methods
Plant Materials and Growth Conditions. All plants were grown under a longday photoperiod (16-h light/8-h dark). The aipp1-1 and aipp1-2 mutants were generated using CRISPR/Cas9 (37) . For determination of root length phenotype, seeds were sown on half-strength Murashige and Skoog medium containing 1% sucrose or 1% glucose. Plants were photographed at 10 d after germination. 4×Myc-tagged AIPP1 transgenic expression driven by its native promoter was achieved by introducing the AIPP1 genomic DNA into Col-0 plants, and T3 generation plants were used for gel filtration analysis.
Protein Interaction Analysis. Y2H and split luciferase assays were performed as described previously (36) . For yeast three-hybrid (Y3H) assays, the entry vectors were constructed to harbor a second cassette expressing AIPP1 or GFP. The primers used are listed in Table S1 . The corresponding entry vectors were recombined into pGBKT7-GW and pGADT7-GW vectors using the LR reaction (Invitrogen). Sets of constructs were cotransformed into the Y2H Gold yeast strain (Clontech). The AD-T and BD-53 combination served as a positive control, and the AD-T and BD-Lam combination served as a negative control. Yeast transformants were selected on synthetic minimal dropout medium deficient in Met, Trp, and Leu (SD-M/L/T). Protein interactions were assessed on the stringent dropout medium deficient in Met, Leu, Trp, His, and adenine (SD-M/L/T/H/A).
Immunoprecipitation and MS.
Immunoprecipitation coupled with LC-MS/MS (IP-MS) assays were performed as described previously (30) . The inflorescence tissues from 3×Flag-tagged ASI1 plants (16) were collected for total protein extraction. Total proteins were then precipitated by agaroseconjugated anti-Flag antibody (Sigma-Aldrich) for 3 h at 4°C. After five washes with protein extraction buffer and five washes with PBS buffer, the precipitated proteins were subjected to MS analysis.
WGBS and DNA Methylation Analysis. For whole-genome bisulfite sequencing analysis, genomic DNA was extracted from 2-wk-old seedlings using the DNeasy Plant Mini Kit (Qiagen). Differentially methylated regions (DMRs) and DNA methylation patterns in different genotypes were identified as described previously (38) .
mRNA-seq Analysis. For mRNA-seq assays, total RNAs were extracted from 2-wkold seedlings and subjected to RNA deep sequencing. mRNA-seq libraries were prepared using the TruSeq Stranded mRNA LT Kit (Illumina) following the manufacturer's protocol. Paired-end sequencing of the library was performed with an Illumina HiSeq 2500 system using the Illumina v4 reagents at the Genomics Core Facility of the Shanghai Center for Plant Stress Biology. Clean reads were mapped to the Arabidopsis reference genome using TopHat. The mapped reads were visualized with the genome browser Integrative Genomics Viewer (IGV) in tdf file format. The tdf files were generated with igvtools using mapping results obtained from TopHat. The list of genes with reduced reads downstream of their intronic TEs in the mutants was generated according to a previously described method (19) with a threshold of a 1.5-fold reduction.
